Introduction

12
In refurbishments, improvements to the façade are arguably one of the most effective strategies 13 14 to reduce energy consumption and mitigate CO2 emissions of a building (IEA 2014) . This is 15 particularly relevant for the UK where buildings account for over 40% of national energy 16 consumption and CO2 emissions (DCLG 2012b) . Within the UK non-domestic sector, 75% of buildings 17
were built before 1985 (Carbon-Trust 2009) with 60-90% of them predicted still to be standing in 18 19
2050 (IEA 2014) . Further, only 1-2% of the building stock is newly built each (CIBSE and BSRIA 2007) .
20
Existing buildings offer therefore the greatest opportunity for decreasing CO 2 emissions and energy 21 consumption (Thomas 2010). Within the non-domestic sector, offices alone consume around 40% of 22 energy (Pérez-Lombard et al. 2008) . Nevertheless, existing office buildings remain largely untouched, 23 24
and many refurbishments fail to deliver low-carbon buildings (CIBSE 2013b) despite innovations in 25 non-domestic buildings could save 86MtCO2 by 2050 (LCICG 2012). Reducing energy demand 26 through retrofitting the existing building stock is therefore a priority (Stevenson 2013) , and one of 27 the major challenges for the future is "to promote the sustainable refurbishment of that 28 29 consolidated [building] stock" (Ferreira et al. 2013 (Ferreira et al. p. 1454 ."
31
In this respect, glazed DSFs are among the best façade technologies to reduce energy 32 consumption and GHG-emissions from the demand-side, while helping manage efficient interactions 33 between outdoor and indoor conditions (Shameri et al. 2011) . A DSF consists of a glazed skin 34 installed in front of the actual façade from which it is separated by an air cavity that acts as a 35 36 ventilation shaft. In moderate climates, DSFs seem capable of significant (30%-60%) reductions in 37 operational energy (e.g. Brunoro 2008; Cetiner and Ozkan 2005; Gratia and De Herde 2007) , and 38 their behavior in the operational phase has been widely studied and is fairly well-documented. To 39 the contrary, very little knowledge exists about DSFs' embodied 1 figures and the overall life-cycle 40 41 environmental impacts.
43
In life-cycle assessments (LCAs) of buildings and construction products, the use of the global 44 warming indicator (GWI), as a single-issue method represents common practice in the Architecture 45
Engineering and Construction (AEC) industry. Nonetheless, being reductionist by nature, this 46 approach neglects other environmental impact categories (Dahlstrøm et al. 2012 ) which may result 47 48 in oversimplification (Asdrubali et al. 2015) and lead to erroneous judgments about environmental 49 consequences (Turconi et al. 2013) . 50 51
This article assesses the life-cycle environmental impacts of DSFs in refurbishments, through a 52 cradle-to-grave LCA with a twofold aim. Firstly, it utilizes GWI to establish if DSFs can be considered 53 as a low-carbon technology, thus their use in refurbishment could/should be further encouraged. 54 55
Secondly, it aims to investigate whether relevant differences arise when GWI results are analyzed 56 against impact results from a more comprehensive assessment method, i.e. ReCiPe, to critically 57 Page 2 of 46 1 2 3
determine if and where GWI may fail to represent non-GHG environmental impacts that would 4 inform conclusions from and outcomes of the LCA. 5 6
Specifically, this article aims to answer the following research questions: 7 8
1. In a cradle-to-grave LCA, are DSF refurbishments preferable to single-skin solutions from a 9 10 GHG impacts perspective? 11 2. When GHG impacts are evaluated along with non-GHG impacts, 12 a. Is GWI a reliable enough and representative indicator? and, 13 b. Which new insights, if any, will arise when the focus switches from a merely global-14 15
warming-based assessment to a more comprehensive assessment method?
17
The article starts with a critical literature review of LCA in the AEC industry and continues on to
18
DSFs as a technology with potential application to façade refurbishment, highlighting the need for a 19 fresh outlook into this demand-side technology from a more holistic, environmental perspective. 20
Next, the design and methodology used for this research are elaborated on. Elucidating on the 21 22 functional unit (FU), system boundaries and deployed options, data collection, and operational 23 energy modeling is the next step in setting up the design for this research. Results follow which are 24 then interrogated through discussion of findings. A summary of the main findings, limitations and 25 recommendations for further research conclude the article. to settings, approaches and findings, and there are major impediments in the way of consolidation 36 and comparison of results. Different lifetime figures, lack of parametric approaches addressing 37 multiple scenarios, little clarity in the FU considered, diverse methodologies and methods for 39 conducting the studies, and the focus mainly on real buildings -which makes any generalization hard 40 to make -are the most important reasons (Cabeza et al. 2014 ). Such diversity is justified by and 41
originates from the inherent complexity of the construction sector where each of the materials used 42 has its own specific life-cycle and all interact dynamically in both temporal and spatial variations 43 44 (Collinge et al. 2013; Dixit et al. 2012; Erlandsson and Borg 2003) . Additionally, the long lifespan of 45 buildings combined with change of use during their service life imply lower predictability and higher 46 uncertainty of variables, parameters, and future scenarios (Buyle et al. 2013; Dixit et al. 2012) . Such 47 difficulties eventually lead to taking a 'reductionist' approach in many recent LCAs, where the term 48 49
'simplified' often recurs openly representing such a nature (Bala et al. 2010; De Benedetti et al. 50 2010; Malmqvist et al. 2011; Wadel et al. 2013; Zabalza Bribián et al. 2009 ). 51 52
Some scholars have studied the relevance of simplifications in LCAs of buildings and their 53 components, concluding that a simplified approach does not lead to different results from those of a 54 detailed assessment, although it cannot be stated that more comprehensive assessments are not 55 56 necessary in any circumstance (Kellenberger and Althaus 2009 ). In such a complex scenario, existing 57 LCA ISO standards fail to provide a sound methodology to execute the assessment (Dixit et al. 2012 ;
This is a proof for the purposes of peer review only. et al. 2008 ) and lack mathematical modeling for performing calculations (Heijungs et al. 4 2009). To address and facilitate some of these issues, the European Technical Committee CEN/TC 5 350 has developed standards that look at the sustainability of construction works with the aim of 6 7 quantifying, calculating and assessing the life-cycle performances of buildings (BSI 2010) . Those 8 standards have recently been used to develop tools to evaluate the embodied carbon and energy of 9 buildings (Moncaster and Symons 2013). These tools echo the focus on GWI as the assessment 10 method when analyzing impacts of buildings and their components from a life-cycle perspective 11 12 (Ardente et al. 2011; Hammond and Jones 2008; Ip and Miller 2012; Monahan and Powell 2011; 13 Pauliuk et al. 2013; Radhi and Sharples 2013) . 14 15
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The emphasis on carbon and energy and the use of GWI as a method to assess GHG emissions 16 have been described as a crude approach but also beneficial to ease understanding and enhance 17 transparency (Weidema et al. 2008) . This is both understandable and well-received, considering that 18 19 far too many studies still focus solely on operational energy, despite embodied energy often 20 accounting for more than half of the life-cycle energy (Crawford 2011), with peaks of up to 70% in 21 the UK (Ibn-Mohammed et al. 2013) . Nevertheless, GWI fails to account for important 22 environmental impacts (Asdrubali et al. 2015) such as eco-and human-toxicity, or water and land 23 24 use, and may lead to erroneous judgments about environmental consequences (Turconi et al. 2013) .
25
These limitations have been highlighted in literature chiefly in industries other than construction, 26 with biofuels as the most cited field (Guinée et al. 2011; Weidema et al. 2008) . 27 28
In the specific case of buildings, they are large, complex, unique, and involve a broad range of 29 materials and components which, in turn, hold various environmental impacts that are not only 30 31 difficult to track but also challenging to assess and interpret (Dixit et al. 2012) . Therefore, in 32 accepting the LCA role of facilitator to help identify the least damaging alternative, the adoption of 33 more comprehensive impact assessment methods combined with GWI is arguably a sensible way 34
forward. With such a broader scope in mind, Scheuer et al. (2003) assess the life-cycle 35 36 environmental performance of a new higher education building by means of several impact 37 categories, namely GWI, ozone depletion potential (ODP), acidification potential (AP), and 38 nutrification potential (NP). Their findings suggest consistency throughout all the categories and 39 identify the operational phase of the building as the one that accounts for the most significant 40 41 impact. They, therefore, conclude that the "optimization of operations phase performance should 42 still be the primary emphasis for design, until it is evident that there is a significant shift in 43 distribution of life-cycle burdens" (Scheuer et al. 2003 (Scheuer et al. p. 1061 ). Yet, due to increased efficiency in 44 insulating materials, and advancements in disciplines such as passive design, the balance between 45 46 operational and embodied figures is significantly changing. In this respect, recent research suggests 47 a major role of façade elements, which constitute "a substantial volume of the total consumption of 48 materials used in a building and the need for maintenance of the façade makes it especially 49 interesting from a life-cycle perspective" (Tellnes et al. 2014, p. 139 together to contribute to a final, single, cumulative score (known as the 'endpoint') for the 37 product/process under examination (PRé-Consultants 2000) . The FUs used are two cubicles 38 constructed in Spain, one with the DSF, the other without, with a lifespan of 50 years. Their results 39 also prove a beneficial effect of adopting a DSF, for it reduces the environmental impact by 7.5% 40 41 compared to the reference case (de Gracia et al. 2013 ).
43
Notwithstanding the importance of regional and local foci in LCAs, more generic perspectives 44 could allow for a broader use of the methods and could also ease comparison of results within 45 different contexts. A less context-specific environmental impact assessment of office façades has 46 been done by Kolokotroni et al. (2004) . A specific DSF configuration is just one among many more 47 48 options they assessed for both naturally-ventilated and air-conditioned offices, and therefore the 49 authors had to sacrifice the depth for the breadth of their investigation. Embodied energy and EI99 50 have been used as methods and the DSF has the highest embodied energy (2120 MJ/m²) but the 51 lowest EI99 score for both naturally ventilated and air-conditioned offices. 52 53
Apart from these three studies, DSFs have not been investigated from a life-cycle perspective, nor 55 have they been studied in a refurbishment context in comparison with single-skin solutions. . In 56 other words, the life-cycle environmental impacts of DSFs are yet to be established 57 comprehensively. As a consequence, primary data related to DSFs are still largely missing in the 58 59 60 5
This is a proof for the purposes of peer review only. Additionally, elements such as infiltration and thermal mass are also suitably dealt with (IES 2009).
40
The aluminium structure obstructs to some extent the flow in the cavity, and the software vendor 41 recommends correction in such cases (IES 2012) . Details are given in the section S4 of the supporting 43 information.The building is naturally ventilated, as are the majority of existing offices in the UK 44 (CIBSE 2013b), thus narrowing our focus solely onto space heating loads. 8 Space heating is provided 45 via natural gas burning. Full details for the validity check of the simulations are given in the section 46 S3 of the supporting information.
48 49 Space heating energy demand is then be translated into yearly loads in kWh/ m² TFA year. Such a 50 heating load, however, refers to heating consumption of the building as a whole and it is therefore 51 necessary to allocate a share of it to the set FU. The step-by-step procedure developed and adopted 52 for this study is shown in table 2. 53 54 showing the effectiveness of the refurbishment energy-wise (EEBPP 2000). Figure 4 around here 28 29
27
In a life cycle perspective, results presented here are in the form of GHG emissions (figure 5), and 30 also for the following impact categories from ReCiPe: ozone depletion (figure 6a), fossil depletion 31 (figure 6b), freshwater ecotoxicity (figure 6c), human toxicity (figure 6d), and particulate matter 32 formation (figure 6e). ReCiPe results for all the impact categories are given in table S9 as supporting  33  34 information. 35 36 Figure 5 around here 37 38
Numbers on the y-axis of figure 5a represent both the savings and augmented impacts in terms 39 of kgCO 2e due to the choice of DSFs over single-skin façades as a refurbishment strategy. For 40 example, the best configuration with a narrow cavity (CN-M-CO-N-Eu) is able to save up to more 41 42 than 2500 of kgCO 2e over the service life against its corresponding single skin counterpart, in view of 43 augmented impacts of just over 1000 of kgCO 2e . The operational GHG savings between double-and 44 single-skin façades and the embodied GHG impacts of the DSFs are easier to read off figure 5b, 45 where they are plotted over the two axes respectively. Furthermore, full operational energy and 46 47
GHG results are given as supporting information in table s7 and s8 respectively.
49
GHG results highlight that the best performing wide cavity offers significantly higher savings than 50 the narrow one, and operational energy is what accounts for the most (figure 5a). Figure 5b  51 compares the operational savings of each option against its embodied impacts. Exact numbers are 52 provided in the supporting material but the figure allows for some interesting observations. 53 54
Operational savings of narrow cavities are less spread than those of the wide ones. Additionally, due 55 to the different parameters considered in this research, there is a whole area in the middle where 56 the two solutions equate both in terms of operational savings and embodied impacts. 57 58 Figure 6 around here 59 60 9
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In the results from ReCiPe, operational savings over SSFs are no longer significant. In fact, as high 4 as operational savings can be they have null or negligible benefits across all of the impact categories 5 assessed through ReCiPe. To the contrary, assemblies and stages of the DSF and their embodied 6 7 impacts suddenly become worthy of closer attention. 8 9
In this respect, figure 6a shows, with reference to ozone depletion, how significant the glass 10 related processes are. For narrow cavities -which have a lower amount of metal -glass outweighs 11 structure related impacts, whereas for the wide counterparts this does not hold true. Noticeable 12 impacts are also related to maintenance activities and glass disposal. With respect to fossil depletion 13 14 (figure 6b), maintenance activities and façade cleaning have even more significant impacts, although 15 elements of the supporting structure bear the absolute majority of the loads. Freshwater ecotoxicity 16 (figure 6c) brings the attention again to the importance of the elements of the supporting structure, 17 whose impacts (both to produce and dispose of them) represent nearly the totality of this impact 18 19 category. Similarly, human toxicity (figure 6d) indicates glass and supporting structure as the 20 assemblies responsible for the most impacts. Although units are the same for both impact categories 21 in figures 6c and 6d, it is worth noting the difference in scales. Human toxicity figures are up to 20 22 times higher than those referred to freshwater ecotoxicity. Particulate matter formation (figure 6e) 23 24
consistently indicates glass, components of the structure and maintenance activities as elements of 25 concern. Additionally, it shows well the benefits due to the recycling potential as recommended by 26 TC350 standards, which can be seen as a 'negative' impact. Such an element is also present in all 27 other graphs, although trade-offs are less evident. Finally, it needs be highlighted that monolithic 28 29 glass options always show lower impacts than their laminated glass counterparts. This is an 30 important result which has been possible thanks to the data collected. In fact, on the one hand 31 laminated glass does not necessitate tempering and HST but the impacts of the polyvinyl butyral 32 (PVB) plastic film, the lamination process, the higher thickness required to warrant comparable 33 34 physical strength, and the influence that the plastic film has on the wearing of tools and Following common practice in current LCAs in the construction industry, and looking at the GHG 43 results, it can be concluded that the DSF options assessed within this research perform significantly 44 better than single-skins. Additionally, GHG results can also be used to assess the ratio between 45 embodied impacts and operational savings (see figure 5b and table S9 in the supporting 46 47 information). For the options considered here, this ratio varies from 30% to 84%. The closer to 100% 48 this ratio, the higher the risk that cumulative embodied impacts overcome savings during the 49 operational phase. In this article none of the options assessed can be considered as 'at risk'. In other 50 words, the operational GHG savings that the DSF is capable to offer outweigh the GHG impacts 51 52 related to the DSF production, installation, transportation, maintenance and repair, dismantling and 53 disposal. This is a significant finding, considering that no such comparative study has been carried 54 out before. To fully understand the potential practical implications of this finding, a numerical 55 assessment will be used. Offices in the UK total over 350 million m 2 as of 2008 (DCLG 2012a provide some interesting insights. In fact, had the decision about which the best/worst DSF options 37 are had been made based merely on GHG impacts, the logical consequence would have been to 38 focus on the most significant reduction in the operational energy. Still, it was shown that other 39 impact categories suggest a significant impact for other assemblies and stages of a DSF life-cycle, 40 41 such as the production of elements of the outer skin, their maintenance and disposal -which are 42 also worthy of further investigation. Therefore, our study echoes encouragement for a shift in the 43 current practice of LCA within construction industry. More specifically, the choice of impact 44 categories needs to be revisited and customized to the specifics of each and every case, depending 45 46 on the context, focus and purpose of the assessment.
48 49
Conclusions 50 51 DSFs represent a viable solution to address the refurbishment of existing buildings -an issue 52 pointed out as one of the major opportunities to cut GHG emissions in the construction sector. We 53 54 assessed the life-cycle environmental impacts of DSFs in refurbishments via two different methods:
55 the GWI, widely used as a single-issue method, and a more comprehensive assessment method, i.e. 56
ReCiPe, to provide a more in-depth understanding of non-GHG impacts. On the one hand, DSFs 57 performed very well when looked at from a GHG impacts perspective and outperformed up-to-57 58 59 60 11
Page 11 of 46 Journal of Industrial Ecology Peer Review Proofs 1 2 3 standard single-skin refurbishments alternatives; we can therefore recommend their broader 4 application to the refurbishment of existing non-domestic buildings in contexts similar to the one we 5 studied, with the aim of mitigating GHG emissions. Nonetheless, when the focus switches to a more 6 7 comprehensive assessment, the GWI tends to miss out key information that may influence the 8 interpretation of and conclusions from the assessment. The neglected impacts do not generally 9 influence the most/least impacting options across different impact categories but rather how the 10 impacts are spread within each specific category. In the case of the DSFs, our results derived from 11 12 non-GHG impact categories indicate that more attention should be paid to the support structure of 13 the façade and its maintenance, and to more efficient disposal solutions, rather than focusing solely 14 at optimizing DSFs' operational performance, which seems to be where research in the field is 15 mostly headed. 16 17
In the complex current scenario of LCA in the construction industry, this article introduces a novel 18 19 methodological approach for comparative studies that looks at building assemblies and components. 23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44   45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 This is a proof for the purposes of peer review only.
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activities, a regression analysis has been carried out ( Figure S1 ). The reason for this is the peculiarity of the glass cutting machinery. In fact,
8
cutting arms do not just move around the perimeter of the glass pane, rather, they move diagonally to execute cross-cuts. Nonetheless, the 9 analysis in Figure S5 shows that it is still the perimeter that best correlate energy consumed for the cutting activities. instance, the kiln is 20% full, then the 100% certified cycle will be used. This creates an allocation problem between energy consumption
11
(which refers to 100% capacity) and the actual capacity of the cycle. Collected data, details and estimates which were used to address this 12 13
issue are shown below. Table S3 provides the data collected in relation to the HST process.
14 15 Table S4 have been graphically represented in Figure S3 to show the skewed distribution of HST-related energy consumption .  25  26  27  28  29  30  31  32  33   34  35  36  37  38  39  40  41  42  43  44  45  46  47  48   9 This is a proof for the purposes of peer review only.
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